Abstract-This paper presents a double-stator permanent magnet brushless DC machine (DS-PMBLDC) which is proposed to be used in light electric vehicles and to replace a typical motor for electric vehicles in future. However, to fulfill the limitation of motor performance at different conditions, electric vehicles require their own specific motor design. Thus, a modular type of motor which can easily replace the electrical motor based on requirements for the electric driving system in power train of an electric vehicle was proposed and discussed in this paper. The operating principle of the proposed machine is reported. 
I. INTRODUCTION
Over last 100 years ago, electric propulsion vehicles were first built. However, such vehicle are not common in today's automotive market. Due to increasing fuel prices and environmental concerns, electric power trains have become more accepted by consumer, automotive manufactures and can be found in production and within numerous development programs nowadays [1] .
As the heart of EVs, the electric propulsion system including motor drive system and transmission part plays an important role. Due to high torque, high power density, high efficiency, good dynamic response and low maintenance permanent magnet brushless DC (PM-BLDC) motor are successfully developed in electric vehicles application, home appliance, defense system etc. and rapidly gaining popularity in recent years [2] - [6] In electric propulsion system, the airgap of the motor is the boundary to transfer energy from electrical part to mechanical part and realize the electromechanical energy conversion. In order to improve the torque density, two air-gaps are combined in a motor to deliver the output torque and then the electromagnetic torque is produced by the currents of both stators [7] . Based on the above concept, the double-stator (DS) PMBLDC motor drive is proposed. It adopts the double-stator structure of the PM brushless motor so as to provide high starting torque and good controllability for EV propulsion.
Nevertheless, most of electric vehicles requires their own specific motor design to fulfill certain limitation and desired design specifications like torque, volume, space, power and efficiency. To fulfill different requirements, redesigning the motor is important to make each EV applicable for functioning. Redesigning different types of motor will make the motor development process costly. It's mean for every different applications, a specific electrical motor need to design to achieve all requirements. Furthermore, different kind of driving condition could affect the power requirement that consume by the electrical vehicles. For an example, driving in town requires less torque and power due to short distance driving compared to driving on the highway. In addition, driving in high hills and slope may require high torque and high power consumption requirements by the vehicles itself. Means, for every different driving condition the electrical motor specification need to be changed in order to achieve maximum efficiency of the energy consumption. For this reasons, there would be a concept in future whereby the vehicle driver could easily replace the electrical motor by adding number of electric motor at motor shaft according to respective desired performance based on the driving condition. Thus, the electrical motor with high efficiency and lowest volume and weight will propose. The concept of modular power train of electric motor as shown in Fig. 1 This paper describes the DS-PMBLDC machine is presented and evaluated using JMAG designer released by Japan Research Institute (JRI). The aim of this proposed design is to design modular power train for electric motor. In section II, the proposed structure and basic operating principle of the machine will discussed while section III discusses the results of 2D-FEA such as cogging torque, back-EMF and air-gap flux density. Section IV shows the evaluation and comparison for motor and generator performances. Finally the conclusion will be drawn in section VI.
II. PROPOSED STRUCTURE AND OPERATING PRINCPLE Fig. 2 shows the basic structure of the developed 3 kW DS-PMBLDC machine while the design parameters are listed in Table 1 . The proposed DS-BLDC PM machine consists of one inner stator, PM, rotor bone, and one outer stator from inside to outside of the machine. It also have two coils known as inner and outer coils. 16 PMs are embedded inside the rotor. In this design, the fractional slot concentrated winding is used for both outer and inner stator. The implementation of inner stator will improve the torque production compared to conventional motor. The deterministic design optimization of inner stator will conduct to enhance much higher torque and optimum performance of the machine. The rotor used little amount of ferromagnetic material. The magnetization direction of the PMs (marked with red) are toward the center of the machine, and the direction of PMs (marked with green) are outward the center. Although the arc-shape is more expensive compare to other, DS-PMBLDC choose to use this shape due to it flux focusing and increase the performance of the machine.
The operating principle of the DS-PMBLDC machine is illustrated in Fig. 3 in which the flux flow from the outer stator to the rotor and to the inner stator. From the figure, it can be seen that more flux lines of the coil and permanent magnet become more identical as it been channel to the outer stator and inner stator. It produced higher variation of air gap flux density compared to conventional motor. Less leakage flux is seen as the rotor position varied incrementally. Maximized flux flow is seen as smaller amount of ferromagnetic material used in the rotor. Therefore, the total output torque for proposed machine is the summation of their torque component. It is due to both inner and outer motor share the same rotor for torque production. 
III. RESULT AND DISCUSSION

A. Flux Linkage and Back-emf
The generated PM flux linkage of inner and outer DS-PMBLDC machine at no load condition are analyzed as where ψ is the flux linkage, θ is the angle and w is the rotor's rotational speed [8] . Fig 5 present no load back-EMF waveforms. At speed of 1000 r/min, the induced voltage amplitude of 12.5V is archived for 9 slot 8 pole DS-PMBLDC machine design while the harmonic spectra is calculated with Fast Fourier Transform (FFT) is illustrated in Fig. 5(b) . It is obvious that the induced voltage waveform are slightly sinusoidal with fundamental component frequency = 66.7 Hz.
Besides, based on FFT results the 5 rd harmonic order dominates the changes of the back-EMF for this proposed design.
B. Cogging Torque Analysis
Cogging torque plays an important role in the operation of these machine and it affects the machine's self-starting ability and produces noise and mechanical vibration. Cogging torque results from the relations of rotor fields PMs with both inner and outer stator teeth. The cogging torque waveform maybe calculated either by Finite-Element Analysis (FEA) or analytically. Generally, the basic equation for cogging torque [9] of machine has been derived as:
Where g Φ is the air-gap flux, R is the air-gap reluctance and θ is the rotor position in mechanical degree. Besides, according to the [5] , the cogging torque also can analysis by applying the Fourier-Series to the numerical combination of magnet poles and the stator slot in the PM machine. The analytical analysis of cogging torque can be measured by:
Where N s is number of slot and p is number of pole. Fig.  6(a) represent the simulated result of cogging torque profile from 2D FEA while Fig. 6(b) show the spectrum of measured cogging torque for DS-PMBLDC machine. The peak to peak cogging torque is about 0.24Nm which is only 5% of the rated torque, thus verifying that the cogging of the proposed machine is negligible. Based on Least Common Multiple (LCM) between slot and pole number of the machine (2), it can be seen in Fig. 6(b) that the highest order of the cogging torque is 4th harmonic order which is multiple of LCM. Additionally, there are some relevant order appearing in the spectrum which is 2, 6 and 18.
C. Flux DensityDistribution and HarmonicAnalysis
Air-gap flux density is one of the most important parameters to optimize during the design of PM machine. The magnetic flux density waveform and its space harmonic spectrum in the air gap adjacent to the inner rotor, due to the field PMs on the machine was illustrated in Fig. 7 . While Fig. 8 show the period of magnetic flux density within the outer airgap between stator and PMs. It can be found that their flux densities in the outer and inner air gap can be regulated to be similar. The peak air-gap flux density of the inner and outer machine are 0.82T and 0.84T respectively. Since the amplitude of flux density in the air-gap directly respect to the magnetic field intensity of the machine, it found that the magnetic field of these proposed machine are strong enough to provide desired power.
The number of flux density pulsations within a period is governed by the number of PMs and stationary pole-pieces. The number of the flux density pulsations is equal to the number of field PMs (8 Poles) on the inner rotor. By applying Fast Fourier Transform (FFT), the asynchronous space 
IV. EVALUATION AND COMPARISON OF DS PMBLDC
One of the proposed PMBLDC with double stator have been prototype as shown in Fig. 9 for experimentation to verify the validity of the above simulation analysis. The torque and power speed for motor and generator of proposed machine were measured experimentally to validate the calculated results using 2D-FEA. The prototype of motor combined with torque transducer and DC controller that can automatically control by computer via USB port. For experimental setup of generator, the prototype was couple to an AC servo motor while a torque transducer measured the input speed and torque. A three-phase rectifier was connected to the output of the prototype and a single-phase programmable load was used to vary the load injection and measure the output voltage, current and power.
A. Torque and Power Characteristic for Motor
The torque characteristic of double stator PMBLDC motor are compared in Fig. 10 . The measured torque values (red line) for the designed operating speed show a good agreement with the calculated results (black line). The maximum torque obtained using 2D-FEA and experimental at based speed 600r/min are 4.4Nm and 4.29Nm, respectively. In addition, the maximum power obtained from simulation is 0.35 kW while from experimental power is 0.33 kW as illustrated in Fig. 12 shows the measured and calculated power characteristic of the generator connected to a resistance load of 1.25 . The measured power shows good agreement with the calculated results. Visibly, the power of generator is enhanced with increasing speed. This prototype shows the good design specification due to the maximum power still can archive until the optimum point of DS-PMBLDC generator when keep increasing the speed. Besides, the power map illustrated in Fig.  13 shows that when the resistance load is constant with varied speed, the power increased until peak point of saturation is reached. At resistance load of 1.25 maximum power of 470W is transferred. From the graph, it shows that by varying the load resistance of the generator, maximum power is archived by impedance matching of both load and generator resistance.
B. Power Characteristic for Generator
C. Motor and Generator Efficiency
The predicted efficiency graph curve for motor and generator are clearly plotted in Fig. 13 and 14 respectively. The efficiency of the motor and generator are 80% and 75% correspondingly. From Fig. 14 , the efficiency of motor is decrease to 75% at speed of 1800 rpm. This degradation is likely contributed by high iron losses rather than copper losses. Besides, for generator it can be observed that the efficiency of the generator with 1.25 load was increased proportionally with the speed up to saturation point. At saturation point, the generator reach the maximum efficiency. From Fig. 15 , the efficiency of the generator is reduced at saturation point due to copper and iron losses. The performance characteristics of DS-PMBLDC machine are summarized and compared in Table 2 . From Table 2 , it is observed that at 1600 rpm, the efficiency of motor is 80% with 21.5 W and 21.0W of iron loss and copper loss respectively. While in generator mode, the efficiency is 75% with maximum power at 470W. Based on the results, this machine is more suitable for motor application as its efficiency is 5% greater than generator mode.
V. CONCLUSION
In this paper, a new double-stator permanent magnet BLDC machine has been proposed and their performance characteristics have been analyzed using 2D-FEA. The performance characteristic shows that when the machine functions as motor, the transmission torque is 4.5Nm. It was found calculated efficiency of the motor and generator were 80% and 75% respectively. This meticulously designed machine prides itself on the merits of easy manufacturing, lower cost, less copper loss and less weight. Indeed, the proposed double-stator PMBLDC machine is suitable for diverse applications with stringent performance requirements-one of which is unquestionably the micro-EV. 
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